1. Translational Control of Gene Expression {#sec1}
===========================================

The composition of the cellular proteome at any given time is tightly regulated. This is achieved by fine-tuning of all the processes governing gene expression, including transcription, splicing, mRNA transport, RNA stability, translation, protein stability and posttranslational modification. All the steps within this cascade of events are subjected to their own specific regulation, and contribute to generate a different composition of the proteome by modifying not only the levels but also the identity of the proteins present in the cell under specific conditions. The components that participate in these regulatory events are often engaged in the formation of macromolecular complexes. Protein-protein as well as RNA-protein interactions allow a compartmentalization of the factors needed to control gene expression. Translational control is a key determinant of the cellular proteome. Translation initiation can modify the proteome by altering the efficiency of translation as well as by enabling the synthesis of different forms of a protein from specific genes.

The process of RNA translation includes a series of sequential steps, known as initiation, elongation, termination and ribosome recycling. Most of translational control is exerted at the initiation step, assisted by specific proteins designated translation initiation factors (eIFs). Translation initiation of most eukaryotic mRNAs commences with 5′ end-dependent recruitment of the 43S complex (that is composed of a 40S subunit bound to eIF2-GTP/Met-tRNAi, eIF1A, eIF1 and eIF3) by eIF4F recognition of the m^7^GpppN (cap) at the 5′ end of the mRNA. In turn, the eIF4F complex comprises eIF4E that physically binds to the cap, eIF4A that unwinds secondary structures in the 5′ untranslated region (5′UTR) and eIF4G, a scaffold protein that interacts with eIF4E, eIF4A and eIF3. Aided by the helicase activity of eIF4A and its cofactor eIF4B, the 43S pre-initiation complex scans in 5′ to 3′ direction until an appropriate initiation codon is encountered. Auxiliary factors, eIF1, eIF2 and eIF5, help to identify the correct AUG start codon, resulting in the formation of the 48S complex. eIF5 induces hydrolysis of eIF2-bound GTP, which is recycled to the active form by eIF2B (guanine nucleotide exchange factor). The poly(A) tail present in the 3′UTR of most mRNAs synergistically stimulates the efficiency of translation through recruitment of poly(A)-binding protein (PABP), enabling its interaction with eIF4F located at the mRNA 5′ end. Finally, eIF5B mediates joining of the 60S and 40S subunits, generating the 80S complex competent for protein synthesis \[[@B1]\].

Translation initiation, particularly in viral mRNAs, can occur by an alternative mechanism driven by internal ribosome entry site (IRES) elements, discovered near 20 years ago in two picornaviruses, encephalomyocarditis virus (EMCV) and poliovirus (PV) \[[@B2], [@B3]\]. These elements are *cis*-acting sequences that form secondary and tertiary RNA structures and recruit the translation machinery to an internal position in the mRNA, bypassing a large number of stable structural elements in the viral 5′UTR \[[@B4]\]. Hence, picornavirus IRES-driven initiation is 5′ end-independent and does not require eIF4E to recruit the 40S subunit, in contrast to the cap-dependent initiation mechanism.

The subsequent discovery of an IRES element in hepatitis C virus (HCV) RNA that was able to recruit 40S ribosomal subunits in the absence of eIF4G represented a major breakthrough in the translation field \[[@B5], [@B6]\]. This finding opened the question of how IRESs differing in primary sequence, RNA structure, and factor requirements, perform the same function. Over the last two decades, the process of internal initiation has been found to be more general than originally thought, that is, it operates in other RNA and DNA viruses as well as in cellular mRNAs \[[@B7]\]. In all cases, IRESs direct translation of a subset of proteins when cap-dependent translation is severely compromised \[[@B4]\].

The excellent performance of IRESs, together with the fact that they are active in genetically engineered constructs, has been exploited to study how these diverse RNA elements perform the same function. With the exception of one or more polypyrimidine tracts, no primary sequence conservation neither overall structural similarity is detected between picornavirus and HCV IRESs, strongly suggesting that different strategies may be used to recruit the ribosomal subunits. These strategies could be under the control of a distinct group of proteins specifically interacting with each of these regulatory elements. In this review we discuss recent advances in the identification of IRES auxiliary factors. Understanding the role played by these IRES trans-acting factors (ITAFs) may help to unravel the strategies employed by mRNAs to capture the translation machinery internally.

2. Internal Initiation of Translation in Picornavirus RNAs {#sec2}
==========================================================

Translation initiation of all picornavirus RNAs is dependent on the IRES located in the long 5′UTR ([Figure 1(a)](#fig1){ref-type="fig"}). Various structural elements in the 5′UTR region, which differ among picornavirus genera, control the viral replication cycle in concerted action with the 3′UTR \[[@B8]--[@B11]\]. The IRES region spans about 450 nucleotides immediately upstream of the functional translation start codon of the polyprotein \[[@B2], [@B3], [@B12], [@B13]\]. Although less than 50% of primary sequence is conserved between different members of the picornavirus family, the similarity of their secondary structure allows their classification into four types, I to IV. Type I includes enterovirus (EV, PV, HRV), type II, cardiovirus (EMCV) and aphthovirus (foot-and-mouth disease virus, FMDV), type III, is used for hepatitis A virus (HAV), and the HCV-like IRES conforms group IV. The acquisition of a proper structural organization is a key determinant of internal translation initiation driven by picornavirus IRES \[[@B14], [@B15]\], and all viral IRES in general \[[@B16], [@B17]\]. This feature is well illustrated by mutational and structural studies conducted on the central domain (termed 3 or I) of type II IRES ([Figure 1(a)](#fig1){ref-type="fig"}). This region is organized as a cruciform structure with phylogenetically conserved structural motifs that are essential for IRES activity \[[@B18], [@B19]\] and determine the tertiary structure of this region \[[@B20]--[@B23]\].

Picornavirus IRES-driven translation initiation depends on the recognition of the IRES by specific cellular proteins \[[@B4]\]. IRESs belonging to types I and II require eIF4G, eIF4A, eIF2, eIF3 and ATP, but no eIF4E, eIF1 or eIF1A to assemble 48S complexes in a reconstitution assay with purified components \[[@B13], [@B24], [@B25]\]. Specific structural motifs in the stem-loops J-K-L (or 4-5) provide the preferential binding site for eIF4G, eIF4B and eIF3 ([Figure 1(a)](#fig1){ref-type="fig"}) \[[@B26]--[@B28]\]. However, interaction of these eIFs is necessary but not sufficient to promote IRES activity \[[@B8]\], demonstrating the essential function of domains 2 and 3 in IRES function. The contribution of domains 2 and 3 to IRES activity may consist in the acquisition of a proper RNA structural organization, assisted by auxiliary proteins. Along this line, while the requirement for eIFs is well established, the ITAFs involved in picornavirus IRES activity are still under study. Here we review the RNA-binding proteins (RBPs) that can form ribonucleoprotein (RNP) complexes with IRESs modulating their efficiency of translation.

2.1. Picornavirus ITAFs {#sec2.1}
-----------------------

Picornavirus RNAs differ on their ability to operate in the cell-free rabbit reticulocyte lysates (RRL). Early studies conducted on the PV RNA, which was inactive in RRL, evidenced that its translation efficiency was greatly enhanced upon supplementation of the lysates with HeLa cell extracts \[[@B29]\]. This difference was related to the requirement of factors that were missing or present in limiting amounts in RRL. Hence, addition of HeLa cells soluble extract resulted in reconstitution of PV RNA translation \[[@B30]\]. In due course, these observations led to the discovery of auxiliary proteins behaving as IRES trans-acting factors. Most ITAFs described so far are well characterized RBPs that contain RNA-binding motifs organized in a modular structure \[[@B31], [@B32]\], as it also occur in proteins involved in RNA processing and transport. However, modulation of IRES activity by ITAFs is not well understood, and at least in part it is a controversial issue because, depending on the IRES element, some proteins show a more stringent requirement than others do \[[@B33], [@B34]\].

Over the last decade, the interaction of RBPs with picornavirus IRES ([Table 1](#tab1){ref-type="table"}) has been analyzed taking advantage of riboproteomic affinity methods. Of interest, and confirming the validity of this methodology, proteins previously know to interact with IRESs by other methods were retrieved with the corresponding target RNA following affinity purification. This is the case of eIF4B and eIF3, which were specifically identified bound to FMDV or HCV IRES by mass spectrometry following RNA affinity purification \[[@B35]--[@B38]\].

Soon after the discovery of picornavirus IRESs, a direct interaction of the polypyrimidine tract-binding protein (PTB) with EMCV and FMDV IRESs was shown by UV-crosslinking \[[@B39]--[@B41]\], and later by RNA foot-printing \[[@B42]\] and hydroxyl radical probing \[[@B43]\]. PTB is a multifunctional RBP with four RNA recognition motifs (RRM) \[[@B31]\] that belongs to the heterogeneous nuclear ribonucleoprotein (hnRNP) family. The RRM domains of PTB recognize U-rich loops on short stems and in general, U/C-rich sequences \[[@B44]\]. This protein was originally identified in splicing-associated RNP complexes. However, it also performs critical roles in cellular processes pertaining RNA metabolism, including polyadenylation, mRNA stability and translation initiation. Regarding its function as ITAF, PTB stimulates picornavirus and retrovirus IRESs \[[@B45]\], but it represses translation initiation driven by the BiP IRES \[[@B46]\].

As a consequence of their role as regulator of IRES activity, ITAFs can mediate cell type specificity, and hence, determine viral spread. This property was brought about by the effects of the neural form of PTB (nPTB), that determines the neurovirulence of Theiler\'s murine encephalitis virus (TMEV) \[[@B47]\], and by the double-stranded RNA-binding protein 76 (DRBP76, also termed NF90/NFAR-1), that forms a heterodimer with NF45 (nuclear factor of activated T cells). The DRBP76:NF45 heterodimer binds to the HRV2 IRES and differs in subcellular distribution in neuronal and non-neuronal malignant cells, arresting HRV translation in neuronal cells but not in glioma \[[@B48], [@B49]\].

Picornavirus IRESs often contain more than one polypyrimidine tract located in distant domains at each end of the IRES region \[[@B8]\]. Recent studies have shown that a single PTB molecule binds in a unique orientation to the EMCV IRES, with RRM1-2 contacting the 3′ end, and RRM3 contacting the 5′ end of the IRES, thereby constraining the IRES structure in a unique orientation \[[@B43]\]. However, studies carried out on the FMDV IRES raised the conclusion that RRM3-4 of PTB were bound in an oriented way to domain 2 and the IRES 3′ region, respectively \[[@B50]\]. Although the RRMs involved in the IRES-PTB interactions are significantly different between these two studies, both are consistent with a role of PTB in stabilizing the IRES structure, thereby acting as a chaperone.

ITAFs, as it is the case of PTB, do not act alone but in combination with various factors presumably contributing to explain the opposite effects on IRES activity \[[@B34]\]. Hence, RBPs interacting with different targets may result in different effects depending on the target and the other partners of the complex. For instance, two IRESs such as EMCV and FMDV with apparent similar secondary structure but different primary sequence, exhibit different requirements in terms of functional RNA-protein association. One example is Ebp1 protein (erbB-3-binding protein 1), also known as proliferation-associated factor PA2G4 and ITAF~45~, identified interacting with domain 3 of FMDV IRES in proteomic analysis \[[@B36]\]. Ebp1 cooperates with PTB to stimulate FMDV IRES activity in reconstitution studies \[[@B13], [@B51]\], but its depletion does not produce any effect on EMCV IRES activity \[[@B52]\]. This protein is expressed in proliferating cells during the S phase but not during cell cycle arrest consistent with the fact that FMDV IRES is active in proliferating tissues.

Another example of a factor that mediates IRES activity is Unr (upstream of N-ras), a cold-shock RBP that interacts with PABP1 and stimulates HRV and PV translation through its interaction with two distinct IRES domains \[[@B53], [@B54]\]. Mass spectrometry analysis identified Unr associated to the HCV IRES RNP complexes \[[@B55]\]. In support of the specific role of Unr in internal initiation, IRES activity of c-myc, Apaf-1, unr and PITSLRE cellular mRNAs is differentially regulated depending on the Unr-partners, hnRNP K/poly r(C)-binding protein PCBP1-2, nPTB, or hnRNP C1-2, respectively \[[@B56]--[@B58]\]. Other example of RBP identified with IRESs is the constitutive heat shock protein HSC70 \[[@B36]\], although the possibility of an indirect binding can not be discarded. HSC70 forms part of RNP complexes that interact with AU-rich elements in the 3′UTR of specific mRNAs, enhancing their stability \[[@B59]\].

In addition to PTB, several proteins implicated in RNA splicing can function as ITAFs, suggesting the existence of a network of interactions between different gene expression processes. An illustrative example is the splicing factor SRp20 that up-regulates PV IRES-mediated translation via its interaction with PCBP2 \[[@B60]\]. Another example of an ITAF involved in a different gene expression process is Gemin5 that binds directly to FMDV and HCV IRES, acting as a downregulator of translation \[[@B61]\]. Not surprisingly, Gemin5 is associated with other factors in RNP complexes that perform rather different roles during gene expression control. Gemin5 is the RNA-binding factor of the survival of motor neurons (SMN) complex \[[@B62]\], which assembles Sm proteins on snRNAs playing a critical role in the biogenesis of key components of the mRNA splicing machinery, the small nuclear ribonucleoproteins (snRNPs) \[[@B63]\]. Gemin5 is a nuclear protein, but it is predominantly located in the cell cytoplasm and it also appears to be present in P bodies \[[@B64]\].

Together, the conclusions derived from the study of multifunctional proteins such as PTB, PCBP2, Gemin5 and other ITAFs, suggest a novel mechanism for the coordinated regulation of translation initiation of a subset of mRNAs bound by shuttling proteins such as hnRNPs or splicing factors. In support of this, the splicing factor SF2/ASF mediates post-splicing activities promoting translation initiation by suppressing the activity of 4E-BP \[[@B65]\] and modulating the internal initiation of cellular mRNAs. In fact, it has been suggested that some RBPs might exert its function in translation control by binding to the IRES of specific cellular mRNAs during splicing complex assembly before nuclear export \[[@B34]\]. This could be an additional layer of posttranscriptional regulation for proteins whose functions are important when cap-dependent translation is compromised.

hnRNPs are a family of proteins (named from hnRNP A1 to hnRNP U) with RNA-binding and protein-protein binding motifs \[[@B31], [@B66]\]. They have a nuclear localization associated with nascent RNA polymerase II transcripts and shuttle with the RNA to the cytoplasm \[[@B67]\]. The RGG RNA-binding motif that mediates the interaction with RNA as well as with other hnRNPs was first described in hnRNP U \[[@B66]\], one of the factors identified by mass spectrometry interacting with the FMDV IRES \[[@B36]\]. Both hnRNP U and Gemin5 form part of a complex with eIF4E, that may explain the down-regulatory role of Gemin5 in cap-dependent translation \[[@B61]\] by virtue of eIF4E sequestration or its localization to P bodies \[[@B64]\].

Several members of the hnRNP family, hnRNP K, PCBP1 (hnRNP E1) and PCBP2 (hnRNP E2), have been identified associated with various IRESs ([Table 1](#tab1){ref-type="table"}). These proteins have in common the KH RNA binding domain first described in hnRNP K and, subsequently, in PCBP1, 2, 3 and 4 \[[@B68]\]. hnRNP K is the most abundant member of the family of proteins that recognize poly(rC) regions, and regulates transcription, RNA turnover and translation \[[@B69], [@B70]\]. Proteins hnRNP K, PCBP1 and PCBP2, together with DAZ-1, have been identified associated to domain 3 of the FMDV IRES \[[@B36]\]. DAZ1 is a 3′UTR-binding protein that has been found bound to polysomes and stimulates translation initiation of polyadenylated mRNA \[[@B71]\].

PCBP2 interacts with a C-rich loop in stem-loop IV of PV, CVB3 and HRV IRESs and specifically stimulates their activity \[[@B72]--[@B75]\]. In contrast, the activity of EMCV and FMDV IRESs that also interact with PCBP2 was not modified by the addition of recombinant PCBP2 protein to depleted-RRL lysates \[[@B76]\], in agreement with the lack of effect of nucleotide substitutions in the C-rich loop of FMDV IRES \[[@B77]\]. PCBP2 performs a dual role in translation initiation and RNA replication of the poliovirus genome \[[@B78]\] through its interaction with different targets in the viral 5′UTR. Furthermore, consistent with its relevance in IRES function, PV IRES competes out with the HAV IRES for PCBP2 binding \[[@B79]\].

The balance between translation initiation and silencing depends on the cellular response to stress. Indeed, many viruses regulate the assembly or disassembly of stress granules (SGs) modifying translation of host and virus-encoded mRNAs. Consistent with this observation, some RBPs have been localized in SGs, as PABP1 \[[@B80]\], or cytoplasmic processing bodies (PBs), as PCBP2 \[[@B81]\]. Thus, in response to stress signals including viral infection, these multifunctional proteins may perform distinct roles depending on their localization. The signaling factor Ras-GTPase-activating protein (G3BP) that was identified interacting with the FMDV IRES \[[@B36]\], belongs to a new family of RBPs that link tyrosin kinase-mediated signals with RNA metabolism \[[@B82]\]. G3BP-1 localize in cytoplasmic RNA granules \[[@B83]\] contributing to its assembly \[[@B84]\]. These cytoplasmic aggregates contain stalled translation preinitiation complexes thought to serve as sites of mRNA storage during the cell stress response. G3BP has been found associated to the 3′UTR of HCV RNA, and its depletion induced a reduction of both HCV RNA and proteins, supporting the idea that it might be a component of HCV replicating complexes \[[@B85]\]. Interestingly, G3BP interacts with the transcriptional regulator GP1-anchored membrane protein (Gpiap1) also identified as an IRES-binding protein.

Many ITAFs are predominantly nuclear proteins that localize to the cytoplasm in picornavirus-infected cells \[[@B86]\]. Nucleolin is a protein involved in rDNA transcription, rRNA maturation, ribosome assembly and nucleo-cytoplasmic transport \[[@B87]\], and is translocated into the cytoplasm following infection of cells with poliovirus \[[@B88]\]. Nucleolin interacts with HRV, FMDV and PV IRES and stimulates PV IRES-mediated translation in transfected cells overexpressing the full-length protein \[[@B89]\]. During enterovirus EV71 infection, the nuclear protein FBP2 (far upstream element (FUSE) binding protein 2) was enriched in the cytoplasm where viral replication occurs, whereas in mock-infected cells FBP2 was localized in the nucleus. FBP2 is a KH protein that negatively regulates EV71 IRES activity \[[@B90]\] presumably through its capacity to compete with PTB binding.

Together with hnRNPs, a group of proteins that are involved in gene silencing, transport, and stabilization (eIF2C, RNA helicases) have been identified in riboproteomic approaches bound to different IRESs ([Table 1](#tab1){ref-type="table"}). The recurrent identification of a subset of factors with different RNA targets \[[@B91], [@B92]\] points to the existence of a network of RNPs with the potential for multiple levels of regulation. Moreover, the modular structure of RBPs that is at the basis of their capacity to recognize a large number of targets raises the possibility that binding to any particular RNA could facilitate different sorts of regulation depending on the other protein partners and the cellular environment.

3. Internal Initiation of Translation in HCV RNA {#sec3}
================================================

Initiation of protein synthesis in the positive-strand RNA genome of HCV is also driven by an IRES \[[@B93]\]. The IRES region spans 340 nucleotides and differs from picornavirus IRESs in RNA structural organization and factor requirement \[[@B94]\]. The HCV IRES is organized in three conserved structural domains, termed II, III and IV ([Figure 1(b)](#fig1){ref-type="fig"}) that adopt a tertiary fold whose integrity is required for efficient protein synthesis \[[@B95]\]. Domain II, which consists of a hairpin with basal and apical loops, is essential for HCV IRES activity. Its deletion reduces translation initiation by blocking 80S formation \[[@B96]\]. This domain promotes eIF5-induced GTP hydrolysis during 80S ribosome assembly and eIF2/GDP release from the initiation complex \[[@B97]\].

Domain III consists of six stem-loops (designated IIIabcdef). The basal portion of domain III forms the core of the high-affinity interaction with the 40S subunit including a small stem-loop (IIIe) and a pseudoknot (IIIf) \[[@B16]\]. In the absence of eIFs, the HCV IRES can establish a high-affinity interaction with ribosomal 40S subunits through the binding surface between subdomains IIIabc, IIIef and IIId \[[@B98]\]. Despite the capacity to form binary complexes, localization of the met-tRNA~i~ on the surface of the 40S subunit by eIF2 is essential for translation, and eIF3 significantly enhances formation of the 48S initiation complex interacting with the junction of subdomains IIIabc \[[@B5], [@B99]\]. Interaction of eIF3 subunits with HCV IRES has been analyzed by cryo-electron microscopy of the binary IRES-eIF3 complex \[[@B100]\] and by mass spectrometry of IRES-bound protein complexes \[[@B36], [@B37]\]. However, under conditions of inactivation of eIF2 by phosphorylation, the HCV IRES can form a preinitiation complex in the presence of eIF3 and eIF5B \[[@B101]\], which is reminiscent of the bacterial-like initiation mode. The ribosomal proteins that participate in IRES-40S interaction have been identified by different approaches as well, such as cross-linking studies \[[@B102]--[@B104]\] and mass spectrometry \[[@B105]\].

Besides ribosomal proteins and eIF3 subunits, the non-canonical factors RACK1 and nucleolin were identified in native and IRES-40S ribosomal complexes \[[@B37]\]. RACK1 functions as the receptor for activated protein kinase C, and regulates translation initiation by recruiting protein kinase C to the 40S subunit. It forms a stable complex with the 40S subunit, exposing the WD-repeats as a platform for interactions with other proteins to the ribosome \[[@B106]\].

Another non-canonical host factor, the insulin-like growth factor II mRNA-binding protein 1 (IGF2BP1) has been reported to associate with both the IRES and the 3′UTR of HCV, and remarkably, to coimmunoprecipitate with eIF3 and the 40S subunit \[[@B38]\]. This result suggests that this factor may enhance HCV IRES-dependent translation by recruiting the ribosomal subunits to a pseudo-circularized RNA. In agreement with this possibility, a subset of the identified proteins, NF90/NF45, also interact with the ends of the viral RNA contributing to enhance viral RNA replication \[[@B107]\]. Long-range 3′--5′ interactions have been reported in the HCV viral RNA \[[@B108]\]. Moreover, in support of the role of the 3′--5′ interactions in the control of gene expression in positive-strand RNA viruses, stimulation of IRES activity by the homologous 3′UTR has been shown in FMDV and HRV \[[@B10], [@B11]\], presumably mediated by functional bridges that bring together the RNA ends by long-range RNA-RNA interactions \[[@B109]\].

Despite some controversy regarding the effect of PTB, most of the identified ITAFs regulate HCV IRES activity in a positive manner \[[@B110], [@B111]\]. La and NSAP1/hnRNP Q proteins stimulate HCV IRES-dependent translation \[[@B112]\]. The La autoantigen is involved in RNA polymerase III transcription. La binds to PV, EMCV and HCV IRES stimulating translation \[[@B113]--[@B115]\], but it suppresses HAV IRES activity \[[@B116]\]. NSAP1 protein has a dual function in HCV life cycle participating in RNA replication \[[@B117]\] and enhancing IRES-dependent translation through its binding to A-rich sequences in the core coding region \[[@B112]\].

Similar to NSAP1, hnRNP L interacts with the 3′ border of the HCV IRES in the core-coding sequence \[[@B118]\] and it is required for IRES-mediated translation \[[@B119]\]. This protein is necessary for efficient translation of the Cat-1 arginine/lysine transporter mRNA during amino acid starvation \[[@B120]\]. Other HCV-interacting protein is hnRNP D that binds to the stem-loop II and promotes translation \[[@B121]\]. Proteins of this family, hnRNP A/B 38, have been identified interacting with dIII of HCV IRES \[[@B36]\]. hnRNP A1 binds to the 5′UTR of EV71 and Sindbis RNA and is required for viral RNA replication \[[@B122]\]. This protein also mediates internal initiation of FGF-2 and Apaf-1 mRNAs \[[@B123], [@B124]\].

In addition to direct RNA-protein interactions, protein-protein association between RBPs, such as hnRNP U or hnRNP A/B \[[@B125], [@B126]\] during mRNA transport can explain the identification of proteins belonging to the cytoskeleton machinery with FMDV and HCV IRES \[[@B36], [@B38], [@B55]\]. Protein-protein interactions may also explain the identification of glyceraldehyde 3-phosphate dehydrogenase (GAPDH) with HAV IRES \[[@B127]\]. This protein competes with PTB for binding to stem-loop IIIa, suppressing the ability of the HAV 5′UTR to direct cap-independent translation \[[@B128]\]. GAPDH forms a macromolecular complex that binds to U-rich sequences in the 3′UTR of a selective group of cellular mRNAs controlling their translation \[[@B129]\]. However, as already mentioned for some factors, indirect interactions may be behind the identification of very abundant RBPs, such as YB-1, in riboproteomic studies. Thus, the functional involvement of each factor as well as whether the binding is direct or mediated by another partner in the RNP complex, needs to be verified individually.

A few proteins identified by mass spectrometry with a discrete domain of the HCV IRES have been also identified in similar approaches interacting with the entire HCV IRES, giving additional information about the binding site of the protein. This could be the case of RNA helicase DEAH-box polypeptide 9 (DHX9) or DEAD-box polypeptide 1 (DDX1). The DDX/DHX family of proteins play important roles in nucleic acid metabolism, including pre-mRNA processing, ribosome biogenesis, RNA turnover, RNA export, translation, and association/dissociation of large RNP complexes \[[@B130]\]. DHX9 recognizes a complex structure at the 5′-UTR of retrovirus mRNA precursors, facilitating its association to polyribosomes \[[@B131]\]. RNA chromatography assays showed that it is associated to HRV IRES \[[@B48]\]. DDX1, a dual interactor of hnRNP K and poly(A)-mRNA \[[@B132]\], has been also identified bound to the 3′UTR of HCV suggesting a role for this protein in viral RNA replication \[[@B85]\].

4. Concluding Remarks {#sec4}
=====================

In general, ITAFs are RNA-binding proteins that shuttle between the nucleus and the cytoplasm. Thus, a network of RNA-protein and protein-protein interactions may assist to recruit the IRES to the ribosome and possibly, to other cytoplasmic structures. RBPs are key cellular components that control the temporal, spatial and functional dynamics of RNA within the competitive cell environment. Indeed, changes in the expression of RBPs have profound implications for cellular physiology, affecting RNA processes from pre-mRNA splicing to protein translation \[[@B32]\]. Thereby, the composition of RNP complexes bound to the RNA in a particular situation will determine the fate of the RNA (e.g., stability, translatability, compartmentalization). In other words, binding of proteins, even those considered to be promiscuous, to a given RNA could mediate specific regulation. In agreement with this, recent mass spectrometry identification of the proteins associated with Argonaute proteins, the protein complex responsible for gene-silencing pathways guided by small RNAs, revealed a common group of helicases, hnRNPs and other RBPs which are shared with RNP complexes involved in other cellular processes such as mRNA transport, stabilization and translation \[[@B92]\].

The observation that proteins with the potential for multiple levels of regulation can recognize various RNA targets raises the possibility that protein-binding to specific RNAs could facilitate different sorts of regulation depending on the other partners and the cellular environment. Thus, elucidating the function of ITAFs will require a deep understanding of their RNA targets, their protein partners, and their potential modifications. Concerning the first issue, the recent advances in cross-linking immunoprecipitation and high-throughput sequencing appears to be a promising technique to help in this task. Implementation of new proteomic approaches will continue to help in the second and third tasks. Finally, regarding the modification of RBPs in infected cells, understanding the effect of proteolytic cleavage of factors such as PCBP2, PTB, PABP or G3BP \[[@B78], [@B133], [@B134]\] will need to be extended to newly identified ITAFs. All together, this will help to understand the integrated action of ITAFs on mRNA targets.

The RBPs modulating picornavirus and HCV IRES activity offer promising targets to combat these infectious pathogens. Indeed, IRESs are ideal candidates to interfere with virus replication through direct IRES-targeting or through ITAF-targeting. In the first case, antiviral agents based on RNA molecules aimed to disrupt the IRES structure have been partially successful \[[@B135]--[@B138]\]. In the second case, knowledge of the structural organization of ITAFs provided the basis to design antiviral therapy, as shown by a synthetic peptide derived from the RRM2 of La which acts as a dominant negative inhibitor of HCV RNA translation \[[@B113]\]. In the coming years, elucidation of the structural determinant of peptides derived from different ITAFs, interfering with the capacity of these proteins to generate protein-protein and RNA-protein networks, will provide the basis for developing small peptidomimetic structures as potent anti-viral therapeutics.
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![(a) Schematic representation of the picornavirus genome, using as example the foot-and-mouth disease viral RNA. (b) Schematic representation of the hepatitis C virus genome. The IRESs are depicted in blue, with indication of the domains referred to in the text. The position of the functional initiator AUGs, as well as the preferential binding sites of eIFs and ITAFs are indicated. Stable stem-loops located at the 5′ and 3′ end of the viral RNA are depicted in grey.](JBB2010-458927.001){#fig1}

###### 

RNA-binding proteins interacting with viral IRES.

  ITAFS                   Effect on IRES activity   IRES targets                          Functions in RNA metabolism
  ----------------------- ------------------------- ------------------------------------- ------------------------------------------------------------
  PTB                     Stimulation               FMDV, EMCV, TMEV, PV, HRV, HAV, HCV   Splicing, polyadenylation, RNA stability, localization
  DRBP76:NF45             Repressor                 HRV, HCV                              Transcription, RNA transport, stability, viral replication
  Ebp1/ PA2G4/ ITAF~45~   Stimulation               FMDV, EMCV\*                          Transcription regulator
  Unr                     Stimulation               PV, HRV, HCV                          Translation control
  HSC70                                             FMDV, HCV                             Viral replication
  SRp20                   Stimulation               PV                                    Splicing
  PCBP2                   Stimulation               PV, HRV, HAV, CVB3, FMDV\*,           RNA stability, translation control
                                                    EMCV\*, HCV                           
  Gemin5                  Downregulation            FMDV, HCV                             RNA-binding factor of SMN complex
  hnRNP U                                           FMDV                                  RNA processing, stability, transcription
  hnRNP K                                           FMDV                                  Transcription, RNA stability, translation control
  DAZ1                                              FMDV                                  Translation control
  G3BP                                              FMDV                                  Stress granules assembly
  Gpiap1                                            FMDV, HCV                             Transcription regulator, viral replication
  Nucleolin               Stimulation               PV, HRV, FMDV, HCV                    Ribosomal RNA maturation, transport
  FBP2                    Repressor                 EV71                                  RNA stability
  eIF2C/Ago                                         FMDV                                  Silencing
  DHX9                                              HRV, FMDV, HCV                        RNA helicase
  DDX1                                              FMDV                                  RNA helicase
  RACK1                                             HCV                                   Ribosomal subunits joining
  IGF2BP1                 Stimulation               HCV                                   RNA localization, stability, translation control
  La                      Stimulation               PV, EMCV, HAV^\#^                     Transcription, translation control
  NSAP1/ hnRNP Q          Stimulation               HCV                                   RNA stability, translation control, SGs component
  hnRNP L                 Stimulation               HCV                                   RNA stability, translation control
  hnRNP D                 Stimulation               HCV                                   RNA stability, translation control
  hnRNPA/B                                          EV71, HCV                             RNA processing, translation control
  GAPDH                   Repressor                 HAV                                   RNA transport, translation control
  YB-BP1                                            HCV                                   Transcription, RNA stability, translation control

\*No effect, ^\#^suppression.
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